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Either Part of a Drosophila Epsin Protein,
Divided after the ENTH Domain, Functions
in Endocytosis of Delta in the Developing Eye
imaginal disc [17]. Eye development occurs as a wave,
where the morphogenetic furrow forms at the posterior
of the disc, and moves anteriorly into the monolayer
of undifferentiated cells. Rows of ommatidia assemble
stepwise posterior to the furrow one or two cells at a
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Austin, Texas 78712 In wild-type, we detect Dl exclusively as intracellular
2 Department of Biology dots within developing ommatidial clusters throughout
The Johns Hopkins University the eye disc (Figure 1A), as reported previously [15]. In
3400 North Charles Street larval eye discs homozygous for lqf FDD9, a weak, viable
Baltimore, Maryland 21218 mutant allele, Dl is detected mainly at the membranes
of cells just posterior to the furrow (Figure 1C). In clones
of cells homozygous for lqf ARI, a strong, lethal mutant
allele, similar membrane localization of Dl is observedSummary
(Figure 1F). We conclude that lqf is required for Dl
internalization.Epsin is part of a protein complex that performs endo-
cytosis in eukaryotes [1]. Drosophila epsin, Liquid fac-
ets (Lqf), was identified because it is essential for pat-
Identification of Lqf Modules Requiredterning the eye and other imaginal disc derivatives [2].
for FunctionPrevious work has provided only indirect evidence that
All epsins have an amino-terminal ENTH domain [4] thatLqf is required for endocytosis in Drosophila [2, 3].
binds PIP2 at the cell membrane [5, 6] and three or fourEpsins are modular and have an N-terminal ENTH (ep-
types of protein-protein interaction motifs, whose copysin N-terminal homology) domain that binds PIP2 at
numbers vary among different epsins (Figure 2). Thethe cell membrane [4–6] and four different classes of
ubiquitin interaction motifs (UIMs) bind ubiquitin (Ub)protein-protein interaction motifs [1, 7–13]. The cur-
noncovalently [7–10]. There are also clathrin binding mo-rent model for epsin function in higher eukaryotes is
tifs (CBMs), DPW motifs that bind the core endocyticthat epsin bridges the cell membrane, a transmem-
adaptor complex, AP-2, and NPF motifs that bind Eps15,brane protein to be internalized, and the core endo-
another accessory factor [1, 11–13].cytic complex [14]. Here, we show directly that Dro-
A step toward understanding the role of Lqf in endocy-sophila epsin (Lqf) is required for endocytosis.
tosis is the identification of the modules of Lqf proteinSpecifically, we find that Lqf is essential for internaliza-
that are required. In yeast, there are straightforwardtion of the Delta (Dl) transmembrane ligand in the de-
assays for the function of the two epsins (Ent1 and Ent2).veloping eye. Using this endocytic defect in lqf mu-
Structure/function analyses have demonstrated that thetants, we develop a transgene rescue assay and
ENTH domain of Ent1 is necessary and sufficient toperform a structure/function analysis of Lqf. We find
rescue the lethality of ent1ent2 double mutants [18].that when we divide Lqf into two pieces, an ENTH
Moreover, the ENTH domain and to a lesser extent thedomain and an ENTH-less protein, each part retains
UIMs were shown to be required for endocytosis [9,significant ability to function in Dl internalization and
eye patterning. These results challenge the model for 18]. Because there are mechanistic differences between
epsin function that requires an intact protein. endocytosis in yeast and higher eukaryotes, the yeast
epsins might function somewhat differently from verte-
brate epsins and Drosophila Lqf. The major differenceResults and Discussion
between these systems is that the AP-2 core adaptor
complex in yeast has no known function in endocytosislqf Is Required for Dl Internalization
[19], and, accordingly, the yeast epsins lack DPW motifsin the Eye Disc
(Figure 2). As in yeast, structure/function analyses ofTo test for endocytosis defects in lqf mutants, we moni-
epsins in vertebrate cell culture have pointed to thetored the localization of the transmembrane receptor Dl in
importance of the ENTH domain [1, 5, 20]. These assays,developing eyes. Dl normally undergoes endocytosis in the
however, rely on dominant-negative effects of mutanteye, and as the internalized protein is not degraded rapidly,
epsin proteins on endocytosis, and their interpretationinternalized Dl can be detected in vesicles [15, 16].
is difficult.The Drosophila eye, composed of 800 identical 22-
In order to determine which parts of Lqf protein arecell ommatidia, or facets, develops in the larval and
required for Dl endocytosis, we generated the eight de-pupal stages in a monolayer epithelium called the eye
leted lqf cDNAs shown in Figure 3A and expressed
them in transformed Drosophila by using the eye-spe-
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Stanford, California 94305-5329. in lqf FDD9 homozygous eye discs (Figure 1D) and in clones
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of homozygous lqf ARI cells (Figure 1G). RO-lqf also res- mutation within the ENTH domain (Figure 4A); N-terminal
protein fragments, if produced, would contain only acues the patterning defects (overneuralization) in adult
eyes of lqf FDD9 homozygotes ([2] and Figure 3B) and in small part of the ENTH domain. Translation of the lqf L71
mRNA could reinitiate downstream of the nonsense mu-lqf ARI clones (Figures 1B, 1I, and 1J).
We generated several transformant lines with each tation; the weak allele lqf bE428, which bears a nonsense
mutation in codon 2, produces a truncated protein atRO-lqf transgene. Several different lines of each were
tested for rescue of the defects in lqf FDD9 adult eyes. 1/10 wild-type levels, consistent with reinitation of trans-
lation (Figures 4A and 4C; see legend). However, if theRescuing activity was quantified by counting the fraction
of wild-type facets in sectioned eyes. The results for the mRNA of the strong allele lqf L71 were to reinitiate transla-
tion (the next Met is amino acid 198), the protein pro-one line of each construct with the most rescuing activity
are shown in Figure 4A. These particular lines were used duced would be missing the ENTH domain. Second, Lqf
protein levels are decreased drastically in all three ofin the remainder of the experiments. Seven of the eight
deletion constructs rescue the lqf FDD9 mutant phenotype the strong alleles tested; in eye discs labeled with anti-
Lqf, no Lqf protein is detectable in clones homozygousquite well (Figures 3A and 3B). Most notable is the obser-
vation that RO-lqf ENTH, which expresses only the ENTH for any of these alleles (Figure 4D and data not shown).
In addition, for lqf ARI, we approximated the maximal frac-domain, and RO-lqf ENTH, which expresses an ENTH-less
Lqf protein, each provide significant rescuing activity. tion of wild-type Lqf protein levels that homozygotes
could contain. No Lqf is detected by using anti-Lqf inThe transgene that expresses only the ENTH domain
(RO-lqf ENTH) and three similar transgenes that express Western blots of protein extracts from lqf ARI homozy-
gous larvae (Figure 4B). Moreover, experiments in whichall or part of the C-terminal complement of the protein
(RO-lqf ENTH, RO-lqf EN1, and RO-lqf EN2) were also tested wild-type and lqf ARI eye disc protein extracts were seri-
ally diluted indicate that if lqf ARI does produce protein,for rescue of the Dl endocytosis defect in lqf FDD9 eye
discs. Dl is detected mainly in vesicles in lqf FDD9 eye it would produce less than 1/100 of the wild-type amount
(Figure 4B). Finally, if the LqfENTH protein is competingdiscs expressing any one of these transgenes (Figure
1E and data not shown). Thus, either the ENTH domain negative regulators off of ENTH domain-containing pro-
teins, RO-lqf ENTH expression would be expected to re-alone, or an ENTH-less Lqf protein, rescues the pat-
terning and Dl endocytosis defects in lqf FDD9 homozy- sult in a dominant mutant phenotype in an otherwise
wild-type background, and it does not. We concludegous eyes. As experimental results in yeast and in verte-
brates have emphasized the importance of the ENTH that the simplest interpretation of the rescue results is
that LqfENTH can function independently of the ENTHdomain, the most remarkable result is that an ENTH-
less Lqf protein can function. domain.
In lqf FDD9, a point mutation within an intron generates
a cryptic splice acceptor site, resulting in an mRNA that Epsins from Different Species
encodes a C-terminally truncated protein (Figure 4A and Are Interchangeable
legend). lqf FDD9 homozygotes produce low levels of a Transgenes that express Rat epsin1 or human epsin 2b
protein whose size is consistent with the predicted prod- (Figure 2) in Drosophila with pRO, each as full-length
uct of the misspliced message and also a small amount proteins or without the ENTH domain, rescue the eye
of full-length Lqf protein (Figure 4B). defects in lqf FDD9 homozygotes (data not shown). Thus,
In order to determine whether the rescue results ob- there is unlikely to be a significant functional difference
tained were due to interaction between the partial Lqf between the Drosophila and vertebrate epsins in the
proteins expressed by the transgenes and the full-length region C-terminal to the ENTH domain. In addition, we
Lqf proteins present in an lqf FDD9 background, we tested find that the ENTH domains of Lqf and yeast epsin
the RO-lqf ENTH transgene for rescue of the Dl endocyto- (Ent1; Figure 2) are functionally similar. It was shown
sis and patterning defects in clones homozygous for previously that expression of the ENTH domain of Ent1,
three different strong mutant alleles: lqf L71, lqf L895, and but not the complementary portion of the protein, re-
lqf ARI. All three of these alleles are in the strongest class stores viability to ent1ent2 yeast [18]. Similarly, we
in a genetic assay (Figure 4C). lqf L71 bears a nonsense find that expression of full-length Lqf or LqfENTH rescues
mutation within the ENTH domain, and lqf L895 has a non- ent1ent2 lethality but that LqfENTH expression does
sense mutation just downstream of the ENTH domain not (data not shown).
(Figure 4A). lqf ARI has a deletion close to the 3 end of
the coding region [2] but has no coding region muta-
Conclusionstions. RO-lqf ENTH rescues the Dl endocytosis and retinal
We have shown that Drosophila epsin, Lqf, is essentialpatterning defects in clones homozgyous for each of
for endocytosis of Dl in the developing eye. Moreover,these strong alleles (Figures 1H, 1K, and 1L–1O; data
we find that the ENTH domain alone and an ENTH-not shown.)
less Lqf protein each retain significant function. TheCould there be sufficient full-length or ENTH domain-
prevailing model in vertebrates is that epsin functionscontaining Lqf protein present in all of these back-
like a bridge, where the ENTH domain links the mem-grounds to influence the interpretation of our results?
brane to clathrin, a cell surface protein to be internalized,For example, is it possible that the rescuing activity of
and AP-2 [14]. As this model requires an intact epsinRO-lqf ENTH is due to titration of negative regulators from
protein, the results presented here suggest that it cannotsmall amounts of ENTH-containing Lqf protein present
be the whole story. Moreover, the observation that eitherin each of the three strong mutant backgrounds? We
argue that this is unlikely. First, lqf L71 has a nonsense the ENTH domain or the remainder of the protein, which
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Figure 1. Dl Internalization and Neural Patterning in Drosophila Eye Discs
Shown are apical views of third instar larval eye discs, oriented with anterior up. The arrows indicate the morphogenetic furrow, highlighted
by phalloidin staining, which is shown in some panels.
(A) Intracellular Dl particles in wild-type ommatidial clusters.
(B) Photoreceptor nuclei are labeled with anti-Elav [24], which reveals regularly spaced rows of assembling ommatidia in wild-type.
(C) Dl is mainly at the membrane just posterior to the furrow in lqf hypomorphs.
(D and E) Dl internalization is restored to lqf hypomorphs by an RO-lqf or an RO-lqf ENTH transgene.
(F–K) Homozygous lqf ARI clones, marked by the absence of GFP, are contained within the dotted lines. (F) Dl is mainly at the membrane
posterior to the furrow within lqf ARI clones. (G and H) Dl internalization is restored to lqf ARI clones by an RO-lqf or an RO-lqf ENTH transgene.
(I) Some lqf ARI clone edges are overneuralized, and there is no neural determination at all in the center of the clone. Smaller clones were
overneuralized throughout (not shown). (J and K) Ommatidial patterning is largely restored within lqf ARI clones by an RO-lqf or an RO-lqf ENTH
transgene.
(L–O) Homozygous lqf L71 clones, marked by the absence of GFP, are contained within the dotted lines. (L) Dl is mainly at the membrane
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Figure 3. Rescue of lqf FDD9 Adult Eye Pat-
terning Defects by RO-lqf Transgenes
(A) Full-length (FL) and eight different deleted
versions of an lqf1 cDNA, cloned into pRO,
are shown; the construct name is shown at
the left. One transformant line of each trans-
gene was chosen for analysis based on pre-
liminary assessment of how well it rescues
lqf FDD9 mutant eyes; the data shown are for
one copy of the best rescuer for each con-
struct. As single copies of RO-lqf ENTH and RO-
lqf EUC rescue poorly (little LqfENTH or LqfEUC pro-
tein accumulates), multiple copies were also
tested; the data for four copies (4X) of RO-
lqf ENTH and two copies (2X) of RO-lqf EUC are
shown. In the second column ([lqf]/[FL]), the
relative amounts of Lqf proteins expressed
by each transgene are shown, as determined
in Western blot experiments; values are nor-
malized to the level of full-length Lqf ex-
pressed by RO-lqf. In the third column (rescue
of lqf FDD9 eye), the fraction of wild-type facets
in the eyes of lqf FDD9 flies containing a trans-
gene is tabulated. For each genotype, 100
facets in each of three different eyes were
analyzed. lqf FDD9 eyes have 12%  2% wild-
type facets. ND means not done, and NA
means not applicable. We could not test RO-
lqf EU for its ability to substitute for the endog-
enous lqf gene. Although wild-type RO-
lqf EU transformants appear normal, lqf FDD9
mutants carrying one copy of the RO-lqf EU
transgene die as larvae. The lethality of the
transgene is likely due to dominant-negative
activity of LqfEU protein, which is highly over-
expressed. The Lqf constructs were gener-
ated from a Flag-tagged full-length lqf1 cDNA
[2]. All of the constructs were ligated as AscI
fragments into the AscI site of the P element
transformation vector pRO [21]. P element
transformation of w 1118 flies was performed
as described previously [29]. Quantitative
Western blot experiments were performed as
described previously [3]. Expression of Lqf
by the RO-lqf transgenes was detected by
using anti-FlagM2 (Sigma) at 1:200 and HRP-
conjugated anti-mouse (Santa Cruz Bio-
chemicals) at 1:500.
(B) Shown are scanning electron micrographs
(top panels) and apical tangential sections
(bottom panels) of eyes of the genotypes indicated. RO-lqf rescues lqf FDD9 to wild-type, and RO-lqf ENTH rescues significantly. Partial rescue
by RO-lqf ENTH as compared to complete rescue with RO-lqf is at least partly a reflection of the lower expression levels of RO-lqf ENTH (see
[A]). The numbers in the bottom left panel indicate R cells R1–R7. The red asterisks in the bottom right panel indicate wild-type ommatidia.
Scanning electron micrographs and sections of adult eyes were produced as described previously [32].
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Figure 4. Genetic and Molecular Analysis of lqf Mutant Alleles
(A) Nucleotide and resulting amino acid changes in lqf mutant alleles are shown. DNA of each mutant allele was amplified by PCR using
genomic DNA templates, and the products were subjected to automated flourimetric sequencing. The P element in lqf 011027 is upstream of the
coding region [2]. In lqf bE428 eye discs, an Lqf protein of a slightly smaller than normal size is produced at 1/10 the wild-type level (data not
shown). This result is consistent with translation reinitiation downstream of the nonsense mutation. As the sequence of lqf FDD9 reveals a single
nucleotide change in intron 6 that could generate a cryptic splice acceptor site (AG), the lqf mRNA in lqf FDD9 homozygotes was analyzed by
RT-PCR. The presence of a cryptic splice acceptor was confirmed; lqf FDD9 generates a mutant mRNA, in which the final 12 nt of intron 6 are
not spliced out but are included in exon 7.
(B) A Western blot of eye disc protein extracts from wild-type (wt) or lqf FDD9 late third instar larvae grown at 25C is shown at the left. lqf FDD9
mutant mRNA (see above) would be expected to encode a truncated Lqf protein, as a stop codon is present 33 nt beyond the extra 12 nt in
the mRNA. Consistent with this expectation, a protein smaller than Lqf2 is present in the lqf FDD9 extracts (marked with a red asterisk). The
small amount of normal Lqf2 protein also present presumably comes from low levels of correctly spliced mRNA. To the right, a Western blot
of eye disc protein extracts from younger third instar larvae, wild-type, or lqf ARI homozygotes is shown. (The younger larvae do not produce
Lqf1.) At the far right is a Western blot of protein extracts from whole second instar larvae. The 1	 lanes contain protein from 2.5 larvae, and
dilutions of the wild-type extract are as indicated. Eye disc and larval protein extracts were generated and analyzed on protein blots as
described [3]. Lqf was detected with guinea pig anti-Lqf [3] at 1:4000 and HRP-conjugated anti-guinea pig (Jackson) at 1:20,000. The antibody
to tubulin was mAb E7 (DSHB) at 1:10.
(C) The lqf alleles shown at the right are ranked as weak to strong on the basis of their viability as trans-heterozygotes with three different
chromosomes: the temperature-sensitive allele lqf FDD9 grown at either 18C (permissive) or 25C (restrictive), lqf 011027, and Df(3L)pbl-X1, which
uncovers lqf. The developmental stage to which the animals survive is indicated.
(D) Shown is a third instar larval eye disc with clones of lqf ARI cells (outlined), which are marked by the absence of GFP expression (green).
The eye discs were labeled with anti-Lqf (red). No Lqf protein is detected in the clones.
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